I. INTRODUCTION
Broadband mobile wireless systems aim for supporting a wide range of services and bit rates by employing techniques capable of achieving the highest possible spectral efficiency. In the context of CDMA assisted broadband wireless communications three multiple-access options might be employed, provided that we refrain from using frequency hopping. Specifically, these three multiple-access schemes are singlecamer DS-CDMA [I] , multicamer CDMA (MC-CDMA) using frequency-domain (F-domain) spreading [2] , which will be simply referred to as MC-CDMA and finally, multicamer DS-CDMA (MC DS-CDMA) using DS spreading of the subcamers' signal [2].
In the context of broadband wireless mobile systems supporting ubiquitous transmissions in various communications environments, as indicated in [3] , both single-canier DS-CDMA and MC-CDMA exhibit certain limitations that are hard to circumvent. In this contribution we consider a range of design and performance issues in the context of broadband MC DS-CDMA using space-time spreading (STS) [3] , [4] assisted transmit diversity. Specifically, synchronous down-link (base-to-mobile) transmission of the user signals is considered and the BER performance is evaluated for a range of parameter values. Our study shows that by appropriately selecting the This work has been funded in the framework of the IST project IST-1999- eas. This is achieved by avoiding or at least mitigating the problems imposed by the fading channels associated with the above communication environments. Furthermore, the transmit diversity scheme using STS can be designed for satisfying a constant diversity gain requirement. The required diversity gain is achieved, when communicating over a variety of fading channels, provided that the delay-spread encountered is distributed within a certain limited range.
SYSTEM DESCRIPTION

A. Transmitter Model
The system considered in this paper is an orthogonal MC DS-CDMA scheme [5] using U . S number of subcamers, T, number of transmitter antennas and one receiver antenna. Furthermore, in this paper a synchronous MC DS-CDMA scheme is investigated, where the K user signals are transmitted synchronously. The transmitter schematic of the kth user is shown in Fig.1 , where real-valued data symbols using BPSK modulation and real-valued spreading [4] were considered. Fig.2 shows the frequency arrangement of the U . S subcamers. As shown in Fig.1 , at the transmitter side a block of U . L, data bits each having a bit duration of Tb is S-P converted to U parallel sub-blocks. Each parallel sub-block has L, data bits, which are space-time spread using the schemes of [4] 
multica+ modulaficjn
SkT, (t) from the set 1,2,. ... T, are then interleaved by an S-depth interleaver, so that each STS signal is transmitted on S subcarriers. The interleavers guarantee that the same STS signal is transmitted by the specific S subcamers having the maximum possible frequency spacing, so that they experience independent fading and hence achieve maximum frequency diversity.
cies, which are arranged according to Fig.2 . These subcamer frequencies can be written in the form of a matrix as
skT,!t)lT
. where the superscript T denotes the vector or matnx transpose -represents the transmitted signal vector of the T, transmitter antennas, P represents the S-depth interleaving operation, which is a U x US matrix expressed as
with Iu being a unity matrix of rank U.
Specifically, let { f 1 , f 2 , . ... f u s } be the subcanier frequen-by the orthogonal codes, which can be expressed as Then, a STS signal will be transmitted using the subcamer frequencies from the same row of (1). Finally, as shown in Fig. 1 , the Inverse Fast Fourier Transform (IFFT) is invoked for carrying out multicanier modulation, and the IFFT block's output signal is transmitted using one of the transmitter antennas.
It can be shown that the general form of the kth user's transmitted signal corresponding to the T, transmitter antennas may be expressed as
... 1 , design flexibility, since it possesses a range of parameters that hence cannot maximize the achievable throughput. This is because the delay spread experienced in practical communication environments may vary over a wide range, when moving from indoor to outdoor, or from urban to suburban scenarios. An efficient wireless system has to be capable of adapting to different communication environments. For example, a broadband wireless communication system based on single-canier DS-CDMA and having a data rate of 1 Mbitsls may not exhibit a high transmission integrity in an urban area, where the delayspread is higher than 3ps [7], since each received symbol is overlapped by more than two previously transmitted symbols. By contrast, a MC-CDMA scheme [2] using frequency-domain spreading cannot operate efficiently in an indoor environment, where the delay-spread (coherence bandwidth) may be lower (higher) than 0.lps (l/O.lps = 10 M H z ) without a highlatency interleaver. Consequently, the fading envelope of adjacent subcamer signals is highly correlated and the diversity gain achieved by combining the subcamer signals is significantly degraded. Fortunately, MC DS-CDMA exhibits a high
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where aij represents the sign of the element at the ith row and the jth column, which is determined by the STS design rule, while b;,ij in Bkzl is the data bit assigned to the (i,j)th element, which is one of the L, input data bits
. . , b u , } ofuser k.
Equation (2) represents the general form of the transmitted signals using STS, regardless of the values of L,, M, and T,. However, the study conducted in [4] has shown that STS schemes using L, = M, = T,, i.e. those having an equal number of data bits, orthogonal STS-related spreading sequences as well as transmission antennas constitute attractive schemes, since they are capable of providing maximal transmit diversity without requiring extra STS codes. Hence, in this contribution we only investigate these attractive STS schemes, and our results are mainly based on MC DS-CDMA systems using two or four transmitter antennas.
B. Channel Model and System Parameter Design
The channels are assumed to be slowly varying frequencyselective Rayleigh fading channels and the delay-spreads are assumed to be limited to the range of [T,, TM], where T, corresponds to the environments having the shortest delay-spread considered, for example in an indoor environment, while TM is associated with an environment having the highest possible delay-spread, as in an urban area. For single camer DS-CDMA systems using STS assisted transmit diversity, the results of [4] and [6] demonstrated that the achievable transmit diversity gain is independent of the frequency-selective diversity gain and that both the transmit diversity and the frequencyselective diversity have the same order of importance. However, the results of [6] have also shown that the STS scheme designed on the basis of a low number of resolvable paths, or even based on a relatively high but fixed number of resolvable paths, may waste some of the available diversity potential and 0-7803-7484-3/02/$17.00 02002 IEEE.
can be adjusted for satisfying the required design trade-offs.
Let us now demonstrate how we can adjust the set of parameters in STS-assisted MC DS-CDMA, in order to ensure that MC DS-CDMA operates efficiently in different communication environments.
Firstly, in order to ensure that STS maintains the required frequency-diversity order in different communication environments, the simplest approach is to configure the system such that each sub-canier signal is guaranteed to experience flatfading. Then the required grade of frequency-diversity is attained by combining a number of independently faded subcarrier signals, which is achieved with the aid of F-domain interleaving. Let the delay-spread be limited to the range of
[T,, T M ] . The flat-fading condition of each subcarrier is satisfied, if T, > TM.
Secondly, in order to achieve the highest grade of frequencydiversity, as we mentioned above, the subcamer signals combined must experience independent fading. This implies that the F-domain spacing between the combined subcamers must be higher, than the maximum coherence bandwidth of ( A~) , M M l/Tm [8] . Let U be the number of sub-blocks after the S-P conversion stage of Fig. 1 . Then, according to DS-CDMA system will operate efficiently over a wide range communication environments and will achieve a total diversity order of four, provided that the delay-spread of the specific environment encountered is in the range of [O.lpsl 3ps], where the total diversity order of four was contributed by the transmit diversity order of two achieved on both of the interleaved subcarriers. Furthermore, if four transmitter antennas are employed, a total diversity order of eight can be achieved, which is the result of the transmit diversity order of four on both of the interleaved subcamers.
Assuming that K user signals in the form of (2) are transmitted synchronously over Rayleigh fading channels, it can be shown that the received complex low-pass equivalent signal may be expressed as 
C. Receiver Mode[
Let the first user be the user-of-interest and consider a receiver employing FFT based multicamer demodulation, spacetime de-spreading as well as diversity combining, as shown in Fig.3 . The receiver of Fig.3 essentially canies out the inverse operations of those seen in Fig. 1 . In Fig.3 the received signal is first down-converted using the carrier frequency f c , and then demodulated using FFT based multicamer demodulation. After FFT based multicamer demodulation we obtain US number of parallel streams corresponding to the signals transmitted on U S subcaniers, and each stream is space-time de-spread using the approach of 
Finally, the UL, number of transmitted data bits can be decided based on the decision variables {Zuil u = ll 2,. . . . U ;
BPSK scheme. We note that according to (9), by using STS and F-domain subcamer interleaving, the diversity order achieved is T,S, provided that T, transmitter antennas and S-depth F-domain interleaving schemes were used. Furthermore, the diversity gains achieved by the T, transmitter antennas and by the process of interleaving over S subcamers are independent and hence their product determines the total diversity order.
PERFORMANCE RESULTS
In this section we provide both simulation as well as numerical results for characterizing the performance of the proposed broadband MC DS-CDMA using STS assisted transmit diversity. In Fig.4 we evaluated the effects of the number of transmission antennas on the BER performance of the orthogonal MC DS-CDMA scheme, where we assumed that the transmitter used no F-domain interleaving, i.e. we set S = 1, but employed T, = 1,2,4,8, or 16 transmission antennas. From the results we observe that the BER performance is significantly improved, when increasing the number of transmission antennas. It is seen that at the BER of the STS scheme using two transmission antennas gives about 9.5dB gain over that using one transmission antenna. By contrast, if the number of the transmission antennas is increased, we find that at the BER of the STS scheme using 16 transmission antennas only gives about 1dB gain over that using 8 transmission antennas. The reason is that much of the total achievable diversity gain is already attained using a relatively low number of transmission antennas. In conclusion, in this contribution we have investigated the performance of a broadband MC DS-CDMA system using STS, when frequency-selective Rayleigh fading channels are considered. Our performance studies suggest that broadband MC DS-CDMA using STS constitutes a promising multipleaccess option, which is capable of avoiding various design limitations that are unavoidable, when using single-canier DS-CDMA or MC-CDMA.
